Rationale and Hypothesis: Idiopathic pulmonary fibrosis is a fatal disease with a variable rate of progression. We hypothesized that changes in distance walked and quantity of desaturation during a six-minute-walk test (6MWT) would add prognostic information to changes in FVC or diffusing capacity for carbon monoxide. Methods: One hundred ninety-seven patients with idiopathic pulmonary fibrosis were evaluated. Desaturation during the 6MWT was associated with increased mortality even if a threshold of 88% was not reached. Baseline walk distance predicted subsequent walk distance but was not a reliable predictor of subsequent mortality in multivariate survival models. The predictive ability of serial changes in physiology varied when patients were stratified by the presence/absence of desaturation р 88% during a baseline 6MWT. For patients with a baseline saturation р 88% during a 6MWT, the strongest observed predictor of mortality was serial change in diffusing capacity for carbon monoxide. For patients with saturation Ͼ 88% during their baseline walk test, serial decreases in FVC and increases in desaturation area significantly predicted subsequent mortality, whereas decreases in walk distance and in diffusing capacity for carbon monoxide displayed less consistent statistical evidence of increasing mortality in our patients. Conclusion: These data highlight the importance of stratifying patients by degree of desaturation during a 6MWT before attributing prognostic value to serial changes in other physiologic variables.
A central feature in the pathophysiology of IPF is impaired gas exchange, which worsens with exercise (12, 13) . This exerciseinduced widening of alveolar arterial O 2 gradient and fall in Pa O 2 is believed to be secondary to multiple abnormalities, including V /Q mismatch, decreased Pv O 2 and venous admixture (12) (13) (14) (15) (16) . The six-min-walk test (6MWT) is a safe procedure for patients with IPF. Baseline desaturation during a 6MWT is a powerful predictor of subsequent mortality (4, 6, 7) . The relative simplicity, low cost, and reproducibility (7) of the 6MWT makes it an attractive modality for the longitudinal study of patients with IPF.
Given these data, we elected to examine the prognostic value of a baseline and serial changes in 6MWT in relation to changes in FVC and Dl CO in patients with IPF. We hypothesized that changes in distance walked and quantity of desaturation would add prognostic value to change in FVC or Dl CO .
METHODS

Patient Selection
The study used patients in the database of the University of Michigan Specialized Center of Research in the Pathobiology of Fibrotic Lung Disease. Patients in this database were referred for enrollment in study protocols for suspected IPF based on typical symptoms and on physiologic and radiographic findings. Patients with an HRCT scan showing a definite pattern of usual interstitial pneumonia (11, 17) were not required to undergo a surgical lung biopsy (n ϭ 51). Patients were treated with varied treatment regimens, including no therapy, prednisone alone, prednisone with azathioprine or cyclophosphamide, or zileuton. The lack of a prospectively defined treatment regimen and the overlap between treatment regimens in some patients precluded our ability to evaluate the effect of treatment on serial change in pulmonary function, 6MWT, or survival. We excluded patients with underlying connective tissue disease, obvious occupational exposure, or a histopathologic pattern other than usual interstitial pneumonia. Approval for the use of these data was obtained from the Institutional Review Board of the University of Michigan. A subgroup of these patients has been previously described (3, 4, 11, (18) (19) (20) (21) .
Pulmonary Function and 6MWT
Pulmonary function tests including FVC, Dl CO , and 6MWT were performed as previously described (4, 22) . Desaturation area (DA; Figure 1 ) was defined as the total area above the curve created using desaturation percentage values observed during each minute of the 6MWT, thereby summing up the differences between a Sa O 2 of 100% and the patient's Sa O 2 at each minute. For example, a patient with a Sa O 2 of 98% at each minute during the 6MWT would have a DA of 12 (100 -98 ϭ 2 ϫ 6 min ϭ 12). For safety, we stopped the 6MWT when patients reached a Sa O 2 of 86%, and a desaturation score of 14% was assigned for that minute and all subsequent minutes of the 6MWT. A higher DA indicates higher overall quantity of desaturation during the 6MWT.
Statistical Analysis
For each patient, 6-mo 6MWT distance walked, DA, FVC, FVC % predicted, Dl CO and Dl CO % predicted values were obtained as a result Figure 1 . Desaturation area (DA) was defined as the total area above the curve created using desaturation percentage values observed at baseline and at each subsequent minute of the six-min-walk test (6MWT; i.e., summing up the differences between an Sa O 2 of 100% and the patient's Sa O 2 at each minute). For example, a patient with an Sa O 2 of 98% at each minute during the 6MWT would have a DA of 12. For safety, we stopped the 6MWT when patients reached an Sa O 2 of 86%, and a desaturation score of 14% was assigned for that minute and all subsequent minutes of the 6MWT. A higher DA indicates higher overall quantity of desaturation during the 6MWT.
of fitting individual regression lines, provided that each patient was able to perform at least two 6MWT within the first 12 mo of follow-up and was alive at the 6-mo time mark. Using the log-rank test, survival experiences were compared overall and in the two groups with baseline Sa O 2 Ͼ 88% or р 88%. Univariate and multivariate Cox regression models adjusting for baseline and serial changes in distance walked, DA, FVC, FVC % predicted, Dl CO , and Dl CO % predicted values were constructed. Adjustments for baseline values, age, sex, and smoking years were made.
RESULTS
Baseline Data
The baseline characteristics for the 197 patients in this study are outlined in Table 1 . A total of 51 patients were diagnosed based Based on the distance walked during the initial 6MWT, the 197 patients were classified into three groups based on thresholds (600 and 1,200 ft). These thresholds were chosen a priori based on their approximation to tertiles (actual tertiles between 560 and 580 ft and between 1,246 and 1,260 ft) and for simplicity because they illustrate 100 ft/min structural increments. BD1 was defined as a walk distance of at most 599 ft, BD2 was defined as a walk distance between 600 and 1,199 ft, and BD3 was defined as a walk distance of at least 1,200 ft. Categorical baseline walk distance was a weak predictor of subsequent mortality in the entire cohort (p ϭ 0.038) (Figure 2 ). Pair-wise comparisons indicate better survival in BD3 patients compared with BD1 patients (p ϭ 0.011). However, the observed difference in survival for BD2 patients was not significant when compared with BD1 patients (p ϭ 0.223) or BD3 patients (p ϭ 0.199). Baseline distance categories did not maintain statistical significance when patients were stratified by the presence/absence of a Sa O 2 р 88% during the 6MWT (p ϭ 0.94 when Sa O 2 Ͼ 88%; p ϭ 0.43 when Sa O 2 р 88%). Similar mortality patterns were seen when baseline distance walked was evaluated as a continuous variable, with significant prediction of mortality in a univariate Cox model (hazard ratio [HR], 0.94; p ϭ 0.005, 100-ft increase) that vanished in multivariate Cox models. These data suggest that baseline distance walked has little to no predictive value for predicting subsequent mortality when accounting for the stronger predictor of degree of desaturation at baseline.
Unlike distance walked, even mild baseline desaturation (Sa O 2 remained Ͼ 88% throughout the 6MWT, but DA increased) was a powerful predictor of subsequent mortality. Patients with a Sa O 2 р 88% during their initial 6MWT had a median survival time of 3.21 yr, which was lower than the 6.83 yr for those with baseline Sa O 2 Ͼ 88% (p ϭ 0.006). A 10-point increase in baseline DA was predictive in the group of patients with initial Sa O 2 Ͼ 88% (univariate HR, 1.33; 95% confidence interval [CI], 1.08-1.63; p ϭ 0.007). The magnitude and direction of this DA HR remained similar in a multivariate model adjusting for distance walked in feet, Dl CO , FVC, age, sex, and smoking years (HR, 1.30; 95% CI, 0.97-1.75; p ϭ 0.08], with marginal statistical significance; possibly due to the strong negative correlation between baseline DA and Dl CO ( ϭ Ϫ0.34; p Ͻ 0.001). These data confirm the importance of desaturation on subsequent mortality and highlight that even mild desaturation as measured by DA is an important predictor of subsequent mortality in patients not reaching the standard Sa O 2 р 88% endpoint during their baseline walk.
Serial Change Data
We examined if 6-mo changes in DA, FVC, distance walked, and Dl CO were predictive of subsequent mortality. Separate models adjusting for baseline values and 6-mo change were constructed for each of these variables.
Analysis of longitudinal walk distance by baseline walk distance categories revealed stark differences in how these groups behave over time (as shown in Figures E1a-E2c in the online supplement). Minimal change over time was observed for BD1 and BD3 patients, with BD1 patients showing little improvement and the majority of BD3 patients maintaining their baseline walk distance. However, trajectories for BD2 patients displayed more fluctuations in serial walk distance over time. Of the 72 patients in BD1, nearly all (n ϭ 69) developed an Sa O 2 р 88% at some point during the 6MWT. In contrast, nearly all patients in BD3 had an Sa O 2 that remained Ͼ 88% (n ϭ 70 of 75). Patients in BD2 demonstrated a mix of Sa O 2 above (n ϭ 31) or below 88% (n ϭ 19).
We evaluated the association of changes in distance walked, DA, FVC, and Dl CO with subsequent mortality using univariate Cox models accounting for the baseline value. These patterns varied according to Sa O 2 categorization during their baseline walk (Table 2 ). In the subgroup of patients with a Sa O 2 Ͼ 88% throughout the 6MWT, adjusting for baseline values, increased mortality was observed with a decrease of more than 200 ft in distance walked, worsening of DA treated as a continuous measurement, a 10% relative decrease in FVC, and a 15% relative decrease in Dl CO . In the group of patients with a Sa O 2 р 88%, during their baseline 6MWT only a decrease in Dl CO emerged as predicting subsequent mortality; changes in FVC, DA, or walk distance were not predictive in this group. The prognostic value of Dl CO remained statistically significant after making additional multivariate adjustments for age, sex, and smoking history at baseline (HR, 2.95; 95% CI, 1.29-6.76; p ϭ 0.01). Serial predictors uniformly outpredicted their baseline counterparts in terms of statistical and clinical significance.
When each set of serial predictors identified in the subgroup of patients with an Sa O 2 Ͼ 88% throughout the 6MWT were added to a multivariate model together in pairs and adjusted for age, sex, and smoking history, the magnitude and direction of most hazards were similar. Exceptions were Dl CO , which lost statistical significance when paired with serial FVC or serial DA, and WD, which lost statistical significance when paired with DA (Table 3) . Baseline DA increased statistical significance when interpreted alongside serial DA in multivariate models. Serial FVC and serial DA measures maintained statistical significance in all pairwise models.
In patients with an Sa O 2 р 88%, during their baseline 6MWT only a relative decrease in Dl CO of at least 15% consistently predicted subsequent mortality, although a decrease in WD of at least 200 ft was significant when paired with DA (Table 4) . Limitations in the sample size of our study precluded studying triplets of serial predictors in a single multivariate model.
DISCUSSION
IPF is a uniformly fatal disease with a variable rate of progression. In this study, we explored the impact of baseline and serial changes in FVC, Dl CO , DA, and walk distance on subsequent survival in a large cohort of patients with IPF, including those diagnosed with typical HRCT and those requiring SLB for diagnosis. We demonstrate that (1 ) subtle desaturation defined by increased DA during a baseline 6MWT (without reaching a threshold of р 88%) increases the risk of subsequent mortality even if saturation remains greater than 88%; (2 ) baseline walk distance is a reasonable predictor of subsequent walk distance but does not consistently predict risk of subsequent mortality in multivariate analyses; and (3 ) the predictive ability of serial change in FVC, Dl CO , walk distance, and DA varies when patients are stratified by the presence/absence of desaturation greater than 88% during a baseline 6MWT. A graphical representation of the how serial change in Dl CO , FVC, walk distance, and DA varies when stratified by the presence/absence of desaturation greater than 88% during a baseline 6MWT is provided in Figure 3 . These data provide clear guidance for the care and study of patients with IPF. Our data highlight that even mild desaturation is a risk factor for subsequent mortality. Previous studies demonstrate that desaturation during a 6MWT is associated with increased risk of subsequent mortality when evaluated as a continuous variable (6, 23) or using a threshold of р 88% (4, 7). Furthermore, the latter threshold was noted to be a reproducible parameter during short-term testing (7). In the current study, we extend these findings by illustrating that even subtle degrees of desaturation, as assessed by DA, increases a patient's risk for subsequent mortality even if a threshold of р 88% is not surpassed. A recent study has used a similar approach as an endpoint of a therapeutic trial, although mortality was not rigorously assessed during this short-term study (24) .
Baseline distance walked failed to be a strong predictor of subsequent mortality once information on Sa O 2 was accounted for. This finding differs from previous studies (6, 23) and likely reflects differences in walk protocols. In the current study, patients were tested without supplemental oxygen, and the walk was halted if Sa O 2 decreased to 86%. Previous studies allowed the use of supplemental oxygen and also tolerated greater degrees of desaturation (6, 23 ). In the current study, 87 (44%) of the patients failed to complete the 6MWT; 84 (97%) of these patients were stopped due to an Sa O 2 of less than 86%. The early termination of the 6MWT due to desaturation may have diluted the possible effects of walk distance as an outcome measure.
Baseline walk distance tended to predict subsequent walk distance in that patients with a high level of performance (long walk distance) tended to preserve their walk distance throughout the study, whereas patients with poor performance (short walk distance) rarely improved. The most variation in change in walk distance was in the group of patients with an intermediate baseline walk distance. This illustrates the importance of baseline function when considering walk distance as an outcome measure in clinical trials for patients with IPF. These data suggest that "ceiling" (patients too mild to get detectably better with treatment) and "basement" (patients too sick to get detectably better with currently available treatment) exist when change in 6MWT distance is used as an outcome variable. This effect has been reported in studies of patients with primary pulmonary hypertension where patients with a higher baseline 6MWT distance showed less improvement in distance walked when treated with an endothelin receptor antagonist (25) . It is possible that pulmonary hypertension was present in some of the more severe patients in our population. These concepts are important because Table 2 .
Values are adjusted for age, sex, and smoking history at baseline.
6-min walk testing has become increasingly used as an outcome measure in IPF therapeutic trials (24, 26) . Our data illustrate that the predictive ability of serial change in FVC or Dl CO varies with baseline desaturation during exercise. In univariate Cox models among patients with a baseline Sa O 2 greater than 88% during the 6MWT, we observed an increased risk of subsequent mortality associated with a relative decrease in FVC of 10%, a relative decrease in Dl CO of 15%, a decrease in walk distance of at least 200 ft, or an increase in DA. In the group of patients with a baseline Sa O 2 р 88%, during the 6MWT only a serial decline in Dl CO predicted subsequent mortality. This variability was also reflected in multivariable models where the predictive ability of these variables changed depending on patient stratification by the level of baseline desaturation. This suggests that in a group of patients already at risk for subsequent mortality (i.e., Sa O 2 р 88%) (4), serial change in Dl CO can further refine the prognosis, whereas change in DA, walk distance, and FVC do not. In contrast, in patients with a baseline Sa O 2 during a 6MWT greater than 88%, a decrease in walk distance of at least 200 ft, a relative decrease in FVC of at least 10%, and relative decrease in DA predicted subsequent mortality to varying degrees, whereas change in Dl CO was less useful. These data extend the concept that serial change in FVC is most predictive of subsequent mortality in IPF longitudinal studies (8) (9) (10) (11) 27) and provide a rationale for previously discordant observations regarding the predictive ability of Dl CO (8, 9, 11) . These data highlight the importance of stratification by baseline level of desaturation when selecting dynamic outcome measures for clinical trials and/or patient treatment decisions. These concepts should prove valuable in decision making during clinical care, in optimizing timing of lung transplantation, and in the design and conduct of therapeutic trials in patients with IPF.
The explanation for the variable predictive ability of FVC or Dl CO based on stratification by degree of desaturation remains conjectural. Although FVC and Dl CO are related, they reflect different aspects of pulmonary physiology. The degree of restriction is reflected by FVC, whereas abnormal gas exchange, which can involve pulmonary vasculopathy or mismatches in ventilation and perfusion, is reflected by Dl CO . Patients with a baseline Sa O 2 р 88% during a 6MWT had a lower FVC compared with patients with saturation above 88%. Therefore, we initially considered that their FVC was already decreased to a level where further change was unlikely. This is not a likely explanation because a similar number of patients experienced a decline in FVC of at least 10% even when patients were stratified by baseline desaturation. Previous studies have also illustrated that patients may remain stable for prolonged periods of time and then present with an acute exacerbation and death (27) (28) (29) . Graphic representation of how the predictive ability of serial changes in FVC, diffusion capacity of carbon monoxide (DL CO ), change in walk distance, and change in desaturation varies by the presence/ absence of desaturation to р 88% during a baseline 6MWT. These data suggest that decline in DL CO over 6 mo is the sole predictor of increased risk of subsequent mortality and that declines in DL CO , FVC, walk distance, and worsening desaturation can be used to follow patients who do not desaturate р 88% during a baseline 6MWT.
Further research is required to understand the mechanisms associated with decline in pulmonary physiology and subsequent mortality. Strengths of this study include a large sample size and the inclusion of patients with an SLB and also patients with a typical HRCT not requiring a SLB for diagnosis. This latter point reflects the usual care of patients with IPF and helps generalize the results of this study. Weaknesses of this study include its retrospective study design, the lack of predefined data collection points, the format for terminating 6-min walk testing based on saturation, and the lack of prospectively defined treatment regimens. The effect of varied treatments on study outcome is likely minimal given the lack of rigorous, positive efficacy data for the treatments used during the course of this study. Additional prospective data collection is required to confirm our findings.
In conclusion, this study highlights that desaturation at baseline increases the risk of subsequent mortality; baseline walk distance is a good predictor of subsequent walk distance but does not reliably predict risk of subsequent mortality; and the predictive ability of serial change in FVC, Dl CO , walk distance, and DA varies when patients are stratified by the presence/ absence of a saturation greater than 88% during a baseline 6MWT. This study highlights the importance of stratifying patients by degree of desaturation at baseline before examining changes in physiology as outcomes in clinical trials or when making treatment decisions for individual patients (e.g., when the risk of subsequent mortality justifies the risk of interventions such as lung transplantation).
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